The spontaneous emission of an excited atom surrounded by different materials is studied in the framework of a semiclassical approach, where the transition dipole moment acts as the source of the emission field. The emission in the presence of semiinfinite media, metallic nanorings, spheres, gratings, and other complex geometries is investigated. Strong emission enhancement effects are obtained in some of these geometries associated to the excitation of plasmons ͑e.g., in nanorings or spheres͒. Furthermore, the emission is shown to take place only along narrow angular distributions when the atom is located inside a low-index dielectric and near its planar surface, or when metallic nanogratings are employed at certain resonant wave lengths. In particular, axially symmetric gratings made of real silver metal are considered, and both emission rate enhancement and focused far-field emission are achieved simultaneously when the grating is decorated with further nanostructures.
I. INTRODUCTION
The spontaneous emission ͑SE͒ of photons by excited atoms has captured the attention of many researchers for a long time. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] When an excited atom is placed in a homogeneous medium, the emitted electromagnetic field takes the same form as that produced by an electric dipole. The directional intensity of the dipolar far field exhibits a maximum value for the direction perpendicular to the dipole, while the emission is forbidden along the parallel direction. 13 Nevertheless, the SE field can be strongly modified if the atom is surrounded by materials of different composition and shape, as it was predicted by Purcell 1 and later corroborated experimentally. 14 -16 Theoretical proposals along this direction have been made, some of them consisting in surrounding the emitter by different kinds of dielectrics and metals.
2, [17] [18] [19] In particular, photonic crystals have been used to control light propagation [3] [4] [5] [6] [20] [21] [22] [23] [24] [25] and to achieve enhancement 5, 6, 22, 24, 26 or suppression 3 of the SE field. Another possibility consists in placing the atom inside an optical cavity: 7, [27] [28] [29] [30] again this can lead to either inhibition 8 or enhancement 26 of the emission probability. Left-handed materials, 9 mirrors, [31] [32] [33] sharp metallic tips, 34 waveguides, 35 or quantum dots 36, 37 can also be used to modify the SE features. The physical processes involved in these phenomena are of quantum nature, such as quantum interference, 22 quantum degeneration, 38 or proximity effects in plasmon resonances. 10 The modification of SE by a dielectric sphere has been studied analytically within the framework of classical 9, 39 and quantum 40 electrodynamics, and also in the limit of strong interactions between the atom and the sphere, 41 in which case the level populations experience Rabi oscillations and the decay rate is no longer a valid magnitude to describe the decay of the system. Rabi oscillations are important when the atom is placed inside a dielectric sphere, 11 sometimes giving rise to enhancement of the SE. [42] [43] [44] [45] Metallic nanostructures have been shown to increase the strength of the electromagnetic field in the context of surface-enhanced Raman spectroscopy ͑SERS͒, 46 -50 in a similar way as in SE.
Not only the emission probability is modified by the environment, but the angular distribution of emitted photons can be substantially changed and in some cases the SE field shows a very sharp directionality. 33, 36 This is the case in particular of metallic wave guides with some additional structure. 51, 52 This type of geometries has been applied to microwaves since the 1970's to increase the directionality of oriented antenna designs, and renewed interest has emerged more recently as applications in the visible and near infrared regions are becoming practical. [53] [54] [55] [56] [57] More specifically, light can be funneled into hole arrays much smaller than the wavelength, 53 and also through subwavelength slits in metallic thin films. 56 Light collimation by a hole decorated on the exit side of the film, 54, 55 and enhancement in transmission by decorating the input side 54, 57 have also been achieved. Directionality in antenna designs can be also obtained by modifying the properties of the ground plane. 58 In this work, we present a simple model of SE in semiinfinite media as a first example of systems that can give rise to both enhancement and directionality effects. The emitting atom is described by the electric dipole moment corresponding to the atomic transition under consideration.
More elaborated geometries need other sophisticated tools which permit solving Maxwell's equations in the presence of objects of arbitrary shape. Among them, both the Green's tensor method [59] [60] [61] and the boundary element method ͑BEM͒, 62 have been successfully used to several problems; the latter will be the one applied in this work. The atom is described within a semiclassical approach and the boundary conditions on the interfaces between different materials are imposed by means of surface charge and current distributions, which will become the sources of the reflected and scattered electromagnetic fields. In the problem that concerns us, the BEM is applied to the study of the interaction of the SE field with spheres, rings, and gratings. Strong enhancement both in the total emission and in the angular direction-ality of the emitted field is achieved. This paper is organized as follows: In Sec. II we present a semiclassical treatment of the SE process and apply it to the calculation of the emission width in a homogeneous medium; Sec. III is devoted a model for semi-infinite media and some results of its application are presented; A method for dealing with more complicated geometries will be the subject of Sec. IV, which will be applied to several metallic systems in subsequent sections ͑rings in Sec. VI, spheres in Sec. V, and gratings in Sec. VII͒. Finally, the main conclusions will be summarized in Sec. VIII.
II. SPONTANEOUS EMISSION IN A HOMOGENEOUS MEDIUM
We consider a two-level atom with ⌿ g (r) and ⌿ e (r) being the wave functions of the ground state and the excited state, respectively. With these wave functions we can build a SE electron current density 63, 64 j͑r͒ϭϪi eប m
which, invoking the charge continuity equation, gives rise to a charge density given by
A time dependence e Ϫit is implicitly understood in this expression, where is the frequency of the emitted photon.
The electric field created by these densities can be written as
͑2͒
where G(r)ϭexp(ikЈr)/r is the Green function of the scalar Helmholtz equation, kϭ/c, and kЈϭkͱ⑀. Now, we make use of the dipole approximation, that is, the fact that the atomic dimensions are much smaller than the radiation wave length, and therefore we approximate e ϪikЈ•rЈ Ϸ1. In this case we can make use of
͑3͒
where dϭe͗⌿ g ͉r͉⌿ e ͘ is the dipole matrix element of the electronic transition. The part containing the charge density in Eq. ͑2͒ gives a longitudinal contribution to the far field, and since the total field has to be transversal, this longitudinal contribution must cancel out the one coming from the current density. In the far-field limit, the integral in Eq. ͑2͒ can be expressed in terms of the dipole matrix element d as To calculate the emission probability per unit time, we construct the Poynting vector S from the electric and magnetic far fields as Sϭ2Re͓(c/4)(EϫH*)͔. Again in the far-field limit, S•rϭ(c/2)͉f͉ 2 r Ϫ2 ͱ⑀ and we find the emission rate to be
͑4͒

III. SPONTANEOUS EMISSION IN A SEMI-INFINITE DIELECTRIC MEDIUM
One of the simplest systems in which SE can be studied is the one formed by semi-infinite planar media. 31, 33, 65, 66 Unlike in some other models, 66 we do not consider the effect of radiative damping in the oscillating electric dipole. We will calculate the emission rate for only one atom with its transition dipole moment oriented along prescribed directions, from which averaging over dipole moment orientations can be trivially performed. We will apply a formalism similar to the one in Sec. II to investigate enhancement and directionality effects. For that purpose, we will place the atom in a medium with dielectric constant ⑀ and study the propagation of radiation towards the surface that separates this medium (zϽ0) from the vacuum (zϾ0) ͑see insets of Figs. 1, 2, and 3͒.
A. Spontaneous emission field
Let us start from Eq. ͑2͒, taking into account the twodimensional translational symmetry of the surface that per-FIG. 1. ͑Color online͒ Spontaneous emission probability normalized to vacuum as a function of the angle of emission ͑see inset͒ for an atom placed at the surface of a semi-infinite medium of dielectric constant ⑀ with vacuum. The maximum emission occurs along the curve ⑀ϭsin 2 .
mits separating the photon momentum q in a twodimensional part Q parallel to the plane zϭ0, and its perpendicular component q z . We can express the Green function inside the medium described by ⑀ as
where Qϭ(Q x ,Q y ), Rϭ(x,y), ⌬Јϭͱ Q 2 ϪkЈ 2 Ϫi0 ϩ , and 0 ϩ is an infinitesimally small positive real number.
Inserting Eq. ͑5͒ into Eq. ͑2͒ and noticing that one can replace ٌ ជ r by ͓iQ,Ϫ⌬Јsign(zϪzЈ)͔ inside the integrand of Eq. ͑2͒, one obtains
where has been expressed in terms of j using Eq. ͑1͒, and integration by parts has been performed. Making use again of the dipole approximation and of Eq. ͑3͒, we have FIG. 2. ͑Color online͒ ͑a͒ Spontaneous emission probability normalized to vacuum for an atom placed at a planar Al-vacuum interface, as a function of polar angle of emission and photon energy ប. ͑b͒ The same as ͑a͒ but when the atom is placed inside Al at a distance of 20 nm from the surface of separation between media.
FIG. 3. ͑Color online͒ Spontaneous emission rate normalized to vacuum from an atom placed near a semi-infinite medium of dielectric constant ⑀ for different positions of the atom ͑see inset͒. Dashed curves show the emission towards the vacuum side, while solid lines represent the sum of the emission towards both sides ͑vacuum and dielectric, i.e., the total emission͒. The atom lies inside the dielectric ͑vacuum͒ for z 0 Ͻ0 (z 0 Ͼ0). where
B. Far field in vacuum with the emitting atom inside a dielectric
The Snell law guarantees conservation of Q x and Q y at both sides of the surface, and only q z changes. The transmitted field components in vacuum are
where t s and t p are Fresnel's transmission coefficients. 13 Details of the integration over Q in the r→ϱ limit are given in Appendix A. The result for the Cartesian components of the far field in vacuum is the following: Finally, using the above expressions to calculate ͉f͉ 2 , the polar-angle dependent distribution of the transition rate is found to be
͑9͒
where ⌫ 0 is the emission probability of the excited atom placed in infinite vacuum, as given by Eq. ͑4͒ for ⑀ϭ1.
In Fig. 1 , we show the behavior of the emission probability when the atom lies at the surface of a medium of real dielectric constant. The emission is enhanced if ⑀ lies in the range between 0 and 1, specially near the curve ⑀ϭsin 2 , as shown in the figure. It should be noticed that within the region of the figure that lies on the right-hand side with respect to this curve the resulting emission field is made of evanescent waves inside the dielectric and propagating waves in vacuum. Therefore, if the atom is located deeper inside the dielectric, the emission tends to be suppressed within that region, whereas the rate remains unchanged on the left-hand side of the mentioned curve. Near the curve, the maximum values of the enhancement are reached for small values of ⑀, giving rise to a very concentrated emission near the surface normal.
In Fig. 2 , we have placed the atom in aluminum. We use tabulated optical data for the dielectric function of the metal. 68 The dependence of the dielectric constant on the transition wavelength reduces the enhancement to a short range of frequencies, while the angular distribution shows that the emission is concentrated in a region of approximately 15°around the surface normal. It should be stressed that the atom must be very close to the surface in order to achieve large enhancements. In particular, in Fig. 2͑b͒ the distance from the atom to the surface is 20 nm, and the maximum rate has decreased by an order of magnitude.
C. Far field in the medium containing the atom
The calculation of the far field in the dielectric medium follows the same lines as above. Propagation at large distances will be possible only if ⑀ is real and positive. Then, the total field is the interference of the direct emission from the atom and the field reflected at the surface.
In the far field limit, the total electric field can be expressed as EϭfЈe ikЈr /r, in analogy to the transmitted field considered above. Proceeding in the same way as in the preceding section, the probability of emission towards to dielectric is found to be
where the reflection coefficients take the form and the polar angle is referred to the negative z axis ͑i.e., it lies within the ͓0,/2͔ interval͒. In the case of ⑀ϭ1 there is no reflection, so that r s ϭr p ϭ0 and we recover the familiar expression of Sec. II. We compare in Fig. 3 the angle-integrated probability for emission towards the vacuum side versus the total emission rate for different values of ⑀ and z 0 . One can observe the interference between direct and reflected components of the total field as stated above, giving rise to oscillatory patterns with the atom-surface separation ͉z 0 ͉. For large values of ⑀, the transmitted field is very weak on both ways. On the contrary, small values of ⑀ lead to large transmission near the surface, as already anticipated in Fig. 1 .
IV. SPONTANEOUS EMISSION MODIFIED BY DIFFERENT GEOMETRIES
So far we have studied the SE of an atom interacting with semi-infinite dielectric media. More complicated geometries will offer the possibility of collimating and producing strong enhancement or attenuation of the emission. In the following sections we will make a step further and focus on the behavior of the SE field in the presence of different nontrivial geometries.
The electromagnetic field created by the atom will be obtained in a similar way as in Sec. III. Let us start by Eq. ͑2͒ and its analogous for the magnetic field. Using the dipole approximation and Eq. ͑3͒, the direct electric and magnetic fields are found to be
where r is the spatial coordinate relative to the atom. Now, the total field will be obtained numerically by means of the BEM, 62 which permits solving Maxwell's equations exactly in the presence of arbitrarily shaped interfaces. The BEM consists in using interface charge and current distributions that are solved self-consistently by invoking the customary boundary conditions for the electromagnetic field. This is done at a discrete set of representative interface points. One ends up with a linear system of equations ͑the boundary conditions͒ and unknowns ͑the interface charges and currents͒. The dimensionality of the problem is reduced by focusing on the interfaces, and by taking care of the field propagation by means of homogeneous media Green functions. In practice, the problem becomes one dimensional in either axially symmetric geometries ͑for each azimuthal number m) or in interfaces with translational symmetry along a given direction. We will focus on axially symmetric nanostructures and the fields given by Eqs. ͑11͒ and ͑12͒ provide the inhomogeneous part of the mentioned system of linear equations. 62 We will show calculations for cases in which the atomic electric dipole is oriented either parallel or perpendicular to the symmetry axis.
We will distinguish between direct and induced fields. The latter are the result of scattering of the direct field at the interfaces, so that one can write
with E dir (r) and H dir (r) given by Eqs. ͑11͒ and ͑12͒, respectively.
If the media under consideration are not absorbing ͑that is, their dielectric constants are all real͒ the emission rate ⌫ and the atomic decay rate ⌫ decay take the same value. However, in the presence of absorption not all photons are emitted to the far field, and therefore ⌫Ͻ⌫ decay . In any case, the total power emitted by the atom can be obtained by assuming that the induced electric and magnetic fields are approximately uniform inside an infinitesimally small region surrounding the atom ͑this assumption is reasonable when the atom is not located right on an interface, in which case one can always study the limit as the atom approaches the interface͒. The total emission probability can be calculated like in Eq. ͑4͒ by integrating the Poynting vector S derived from the BEM over a spherical surface fully contained in the same medium of dielectric function ⑀ as the atom. One finds The term containing the induced electric and magnetic fields does not contribute when integrating over the solid angle ⍀ due to the hypothesis that they are uniform in the vicinity of the atom. Taking the limit r→0 and denoting E(rϭ0)ϭE 0 we have
The first term is the same one that appears in Sec. II. The integration of the second term is straightforward as well. As for the third, we need to expand the magnetic field, H ind (r)ϭH 0 ind ϩ(r•ٌ ជ )H 0 ind , since a uniform magnetic-field gives no contribution to the emission probability, and the 1/r factor can still produce a finite contribution from the magnetic field gradient. After some algebra, and making use of Ampère-Maxwell's law, this third term becomes (2/3)Im(d*•E 0 ind ), so that the total decay rate is found to be 9,66
Here, ⌫ ⑀ is the rate for the case where there is no induced field, that is, the dipole is isolated in a medium of dielectric constant ⑀. This expression is very convenient and we have tested it by showing that the emission rate that it predicts agrees with the one obtained from the integral of the far-field Poynting vector when all materials under consideration have real dielectric function. The emission probabilities presented in the sections below for arbitrary lossy materials are obtained by means of the far-field Poynting vector, which we have analyzed in angle of emission.
V. FAR FIELD FOR TWO NANO-SPHERES
The electromagnetic characteristics of the system formed by two spheres have been widely studied, for example the interaction between them and the hence induced multiple scattering, 70 ,71 the features of the system formed by two contacting spheres, 72 the field-induced interaction force in two spheres, 73 or the diffraction of electromagnetic waves. 74 Nevertheless, we are not aware of any study of the behavior of the SE by an atom placed between two spheres which are very near from the other. A big enhancement of the far-field emission can be achieved placing the electric dipole between two metallic spheres which are separated by a very small distance ͑a few nm͒. In this case the atom can induce some dipolar surface charges on the spheres, giving rise to a strong modification of the field. To illustrate the fact that for absorbent media ⌫Ͻ⌫ decay ͑i.e., part of the decay is converted into emission and the rest is absorbed by the material͒, we show in Fig. 4 both quantities for the two-sphere system. ⌫ decay has been calculated from Eq. ͑13͒, while for ⌫ we have used instead the far-field Poynting vector. In Figs. 5͑a͒ and 5͑b͒ it is shown this behavior when the dipole is placed between two gold spheres of 50 nm of radius. There are some wavelengths, which coincide with the plasmon resonance of the material, for which the enhancement is dramatic, but only for the case where the dipole orientation is parallel to the imagi- FIG. 4 . ͑Color online͒ Decay and far-field emission probabilities, normalized to vacuum, for an atom placed at a distance d ϭ1 nm from the surface of two gold spheres of 50 nm of radius and situated between them ͑see text for more details͒. nary line which goes from one sphere to the other. For the orientation perpendicular to this one it is given suppression of the emission. This difference is due to the characteristics of the induced dipoles in the spheres; in the former case they add its contribution, while in the latter they cancel it.
It can also be seen that the enhancement is highly dependent of the distance between spheres, growing dramatically with it. Also the position of the maximum varies, although slightly, with this parameter; it decreases when increasing the gap between spheres, until reaching a constant value of about 480 nm which corresponds to the case of only one sphere ͓Fig. 5͑c͔͒. Note that in this last case this position does not change when placing the atom at different distances of the sphere.
VI. FAR FIELD FOR GOLD NANORINGS
Next, we will apply our formalism to gold rings of several heights, as shown in the inset of Fig. 6 . Recently it has been shown 69 that this kind of rings show infrared plasmon resonances in the extinction cross-section spectrum which are due only to its shape, as they do not appear in solid disks. In our study, the atom will be placed at several distances of the center of the ring. We calculate the probability emission related to the case in which there is only vacuum surrounding the atom from the far field given by the boundary element method. Results are shown in Fig. 6 , using tabulated optical data for the dielectric function of Au. 68 A strong enhancement of the emission is observed for some energies when the dipole is oriented perpendicular to the ring axis. This enhancement is maximum when the atom is in the center of the ring, decreasing with the height, but being still considerable high even when the atom is above the ring. The wavelengths, at which the peaks occur, grow with the height of the ring. On the other way, when the dipole orientation is parallel to the ring axis, then a suppression is observed, for no probability bigger than the one for the vacuum is given.
Concerning the directionality of the emission, in general it has not been observed a strong collimation of the resulting field, so this kind of systems can be used in order to improve the emission, but not for concentrate it within small angles.
As it happened with the spheres, the directionality of the radiation emitted for this system is approximately the same as for the single dipole without any interaction.
It should be noticed that for rings the effect is exactly the opposite as for the spheres: suppression for dipole orientation along the revolution symmetry axis of the system and enhancement for perpendicular orientation. So, with either one of these two systems we can amplify an arbitrary dipolar emission, as will be seen in the following section.
VII. FAR FIELD FOR GRATINGS
So far, we have studied systems in which the enhancement of the SE can be very high. Nevertheless, the other main goal of this work, the collimation of the resulting field, has not been achieved neither for rings nor for spheres, although semi-infinite media already provided a way of doing this.
Recently, 33, 54, 55 grating geometries have been applied to collimate different kinds of optical emissions. In this work we will construct a very simple axially symmetric grating formed by a certain number of grooves of cosine shape ͑see FIG. 5. ͑Color online͒ ͑a͒ Spontaneous emission rate normalized to vacuum for an atom situated between two gold spheres of radius 50 nm, and with its electric dipole oriented parallel to the line that crosses the center of the spheres. Three different sphere separations are considered, so that the distance from the atom to each of the spheres is 0.5, 1, or 2.5 nm ͑the rate increases with decreasing distance͒. ͑b͒ Same as ͑a͒ when the dipole is oriented perpendicular with respect to the one in ͑a͒. ͑c͒ ͑d͒ Same as ͑a͒ and ͑b͒, respectively, but with only one sphere.
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inset in Fig. 7͒ , which will give big directionality of the emitted field. We will change the number of grooves, while maintaining fixed the groove period s, the groove height h, and the thickness of the film b. We use the dielectric constant for silver at ϭ600 nm (⑀ϭϪ16ϩ0.5i). 68 All the geometrical parameters will be expressed in terms of this wavelength. In this way, the results obtained here will be a consequence mostly of the geometry when the grating material is made of a good metal, even if not perfect. Indeed, for other metalliclike values of the dielectric constant ͑for example, ⑀ϭϪ25 ϩi, which corresponds to silver and copper near 800 nm͒, the directionality dependence with s/ is qualitatively the same and quantitatively very similar ͑the results of Fig. 7 are almost the same when this new value of ⑀ is used͒; hence, one can conclude that the results can be extrapolated to the desired emission frequency just by changing the dimensions of the grating to the corresponding range of wavelengths ͑visible, infrared͒. In particular, a similar type of grating geometry is well known in the microwave antenna community. 51, 52 In Fig. 7 we show the ratio between the emission probability for this system and the emission probability in vacuum, in terms of the ratio between the size of the grating and the emission wavelength, and the polar angle , in the case in which there are 2, 5, and 10 grooves. Two possible dipole orientations ͑parallel and perpendicular to the grating axial symmetry axis͒ are shown. For small distances between the atom and the grating ͑less than s/20) the results are practically equivalent. We show here the results when this distance is s/25.
The first effect that is clearly seen is that there is a strong collimation for a very defined set of frequencies for both orientations of the dipole. When the dipole is parallel to the axis, the maximum wavelength increases with the number of grooves, while for the case in which the dipole is perpendicular to the axis the maximum is nearly independent of the number of grooves, being situated around /sϭ1.1. For the first case, as the emission is suppressed at ϭ0, the angle at which the emission peak occurs decreases as well with increasing the number of grooves; for a dipole perpendicular to the axis, this maximum occurs always at ϭ0. Interestingly, the emission is concentrated within a very small range of polar angles, and this range is decreasing dramatically as the number of grooves is bigger.
The dependence of the results on the geometrical parameters of the grating is shown in Fig. 8 for the case in which the grating consists of five grooves. We choose to make the comparisons in the case of a perpendicular dipole to the symmetry axis, because the value of /s at which the maximum emission is achieved does not depend appreciably on the number of grooves. Maintaining the period of the groove s fixed, it can be seen that the role of the groove height h is FIG. 6 . ͑Color online͒ Emission probability normalized to vacuum from an atom placed at the axis of a nano-ring of height h at a distance z from its center. The transition electric dipole is oriented perpendicular to the ring axis. The three peaks correspond to different values of h ͑see labels͒. Within each peak, the values of z are ͑from the top to the bottom͒ 0, 6, 12, 24, 48, and 96 nm, respectively.
FIG. 7.
͑Color͒ ͑a͒ Angle-resolved emission probability for an atom located in the center of a silver grating consisting of two axially symmetric grooves. The intensity has been integrated over azimuthal directions and normalized to the total emission probability in the absence of the grating, ⌫ 0 . The transition dipole moment d is taken perpendicular to the grating axis. The grating has cosinelike profile with parameters hϭ0.2s and bϭ0.6s, where h is the groove depth, s is the groove pitch, and b is the thickness of the film ͑see inset, not to scale͒. The atom is located at a distance 0.04s above the silver surface. The emission wavelength is ϭ600 nm. ͑b͒ Same as ͑a͒, for d parallel to the axis of symmetry. ͑c͒-͑d͒ Same as ͑a͒ and ͑b͒, respectively, but for five grooves ͑this is the geometry actually plotted in the inset͒. ͑e͒-͑f͒ Same as ͑a͒ and ͑b͒, respectively, but for 10 grooves. ͑b͒, ͑d͒, and ͑f͒ should be multiplied by a factor 3 in order to get the actual emission probability . FIG. 8 . ͑Color online͒ Dependence of the emission probability on the geometric parameters for an atom placed in the center of an axially symmetric grating consisting of five grooves ͑see inset͒. The dipole is oriented perpendicularly to the symmetry axis. ͑a͒-͑c͒ Dependence with the height of the grooves within the main resonance ͓/sϭ1.1, see Fig. 7͑c͔͒ and outside it (/s ϭ0.9 and 1.3), respectively. ͑d͒ Dependence with the depth of the lower part of the grating at resonance. "e… Dependence with the distance between the atom and the grating, under resonance conditions. The parameters that are not changed take the same values as in Fig. 7 (hϭ0.2s, bϭ0 .6s, and atom height equal to 0.04s). crucial, as the angle resolution can be strongly modified with a slight variation of its value. With hϭ0.2s we get both a maximum of the emission and a minimum in the peak width ͓Fig. 8 ͑a͔͒. This value of h also seems to be the most accurate for values of /s situated outside the resonance ͓Figs. 8͑b͒ and 8͑c͔͒. On the contrary, the thickness of the film b is almost irrelevant when studying the upwards emission ͑small values of ), as can be seen in Fig. 8͑d͒ . Finally, placing the atom at a higher distance from the grooves maximizes the total emission, while losing directionality, as the obtained peaks are wider ͓Fig. 8͑e͔͒. The properties of the field in the vicinity of the grating are shown in Figs. 9 and 10, for two possible orientations of the atomic electric dipole, for a grating composed of five grooves, and for the values of /s which provide the maximum far-field emission. In both figures, the largest plot shows the relevant distance at which focusing begins, while the small ones show the regions closer to the emitter. A straightforward comparison can be made between the largest plot and the angular far-field pattern, shown in the upper left part of the figures.
Although the enhancement itself is not very important ͑the maximum for ten gratings is a factor 160 for parallel dipole and 50 for perpendicular͒, one can combine this geometry with the ones discussed in preceding sections, so that the main goal of strong emission enhancement and focused emission can be obtained simultaneously. Therefore, in Fig.  11 we show the results of the far-field emission under resonance conditions for a ten-groove grating when adding to the latter a silver sphere in the case of the dipole parallel to the axis, and a small silver torus in the case of the dipole perpendicular to the axis. The emission is enhanced by a factor of 60 in the first case, while the enhancement is smaller in the second one, mainly because of the reduced dimensions of the torus that can fit into the system.
VIII. CONCLUSIONS
The modification of the light emission from excited atoms by means of the interaction of the SE field with the environment has been studied in the presence of several complex geometries that lead to global enhancement of the emission rate or marked directionality of the emission field.
If the atom is placed at the planar surface of a material, the emission is focused along directions of emission relative to the surface normal that depend on the material dielectric function ⑀, 31, 33 and in particular, the emission is directed along the surface normal for vanishing ⑀ ͑Fig. 1͒. For absorbing materials such as aluminum, this strong directionality takes place only at wavelengths near the bulk plasmon resonance ͑Fig. 2͒, and therefore such a simple device could be used as a filter or as a lens, in clear analogy to the nearfield lenses recently proposed by Pendry. 75 Nanostructured, finite objects can also be used to modify the SE in the same fashion. With the help of the boundary element method for arbitrary shape geometries, 62 we have calculated the SE rate from an excited atom situated near structures of this kind for different orientations of the associated atomic electric dipole. Remarkable global enhancement of the emission has been found near plasmon resonance frequencies in gold spheres ͑Fig. 5͒ and nano-rings ͑Fig. 6͒. Also, strong directionality of the emission has been found when the atom is located near a grating. 33, 51, 52 Axially symmetric gratings made of real silver metal have been explored. In this case, the SE field can be collimated around the grating axis within an angular window of 5°͑Figs. 9 and 10͒. Combining some of the above geometries ͑e.g., gratings and spheres or rings͒ both effects of directionality and enhancement are present simultaneously in the resulting SE far field ͑Fig. 11͒.
The present work provides new means for obtaining emission antennas by exploring the directionality phenomena discussed above. We also hope that it can stimulate the use of nanostructures to modify the electromagnetic field in the near-field domain, and as a consequence, in the far-field produced by localized sources, not only in the case of SE. 
APPENDIX: INTEGRATION OF THE FAR-FIELD COMPONENTS IN PLANAR INTERFACES
The integration of the field given by Eqs. ͑7͒ and ͑6͒ is carried out in this appendix to yield Eq. ͑8͒.
Expanding Eq. ͑7͒, the transmitted electric field in vacuum takes the form
where the Cartesian components of E(Q) are given by FIG. 11 . ͑Color online͒ ͑a͒ Polar-angle dependence of the spontaneous emission probability under the resonance conditions of Fig.  7͑f͒ (/sϭ1.01) , adding a silver sphere to the system in which the dipole is along the symmetry axis of the grating, which is formed by 10 grooves. ͑b͒ Same as ͑a͒, but adding a silver torus to the system in which the dipole is oriented perpendicular to the symmetry axis of the grating. The resonance conditions of Fig. 7͑e͒ (/s ϭ1.1) are fulfilled. 
